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APPLICATION OF THE METHOD OF CHARACTERISTICS
TO SUPERSONIC ROTATIONAL FLOW

By Antonio PFerri

SUMMARY

A system for calculating the physical properties of
supersonic rotational flow with axial symmetry and super-
sonic rotational flow in a two-dimensional field was
determined by use of the characteristics method. The
system was applied to the study of external and internal
flow for supersonic inlets with axial symmetry. For a
circular conical inlet the snock that occurred at the
lip of the inlet became stronger as it approached the
axis of the inlet and became « normal shock at the axis,
The region for which strong shock occurred increased with
the increase of the angle of internal cone at the lip of
the inlet. For an inlet with a central body the method
of characteristics was aoplied to the design of an
internal-channel shape that, theoretically, results in
very efficient recompression in the inlet; 1t was
shown that if an effuser is connected with the diffuser
a body of revolution with very small shock-wave drag can
be determined.

INTRODUCTION

The characteristics method for the determination of
Supersonic phenomena was first used by Prandtl and DBusemann
for two-dimensional flow (references 1 and 2). For flow
with axial symmetry Frankl (reference 3) used the method
of characteristics for determining the shupe of a super-
sonic circular effuser with uniform exit velocity, and
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Ferrari (references i and 5) independently used the chare
acteristics method for determining supersonic vhencmena
for every type of boundary condition, Subseqguently
guderiey (reference 6) and Sauer (reference 7) transformed
the system pro»ossd by Frankl and Ferrarti and obteined &
different analytical solution of the preblem. In all
aoplications tne hypnthesis of potential flow was made;
therefore the eyuation of potential flow was used,

When shock waves that sre nct nliane {two-dimensional
flow) or conical (flow with axial sywmetry) occur in
uniform flow the variation of entrory acrozs the shock
1s not constant, and the flow behind the shioek 18 no
longer lsentronic and becomes rotetiecnel. If the varia-
tion of entropy is smell, the effesct of rotetinon of the
flow is not important for determining thes prassure di etri=-
bution along a hody and the theory of pntential flow
gives correct results. If the shoclt wave 1s strong and
has large curvaturs, howsver, the slfect n{ the rotation
becomes important and the flow must De considersd as
rotational.

The method of characteristics can be extencded to
aoply to rotational flow if, in place of the potentisal
function for the differantial eguation of motion ths
stream funetion considered by Crocco (refeorencs é) is
used. With the charsacteristics method for rotationxd
flow a mere exict detérmination ean be mede of the shaps
of the shock wave and the distribution of vilocity and.
pressure for phenomena in which the effact of rotation
i{s imoortent, as in the internzl Ilow througzgh supcsrsonic
inlets. The nrocsdure of numericsal calsulation is similar
and not mush more cormplicated thaen that used for the case
of potantial flow with axial symmsiry.

SYMBOLS
D pressurs
P density
S entropy, wschanical units
velocity
M Mech nurber
vy limiting velocity corresponding to adiabatic

exvanstion to zZero pressure
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speed of sound

ratio of velocity te limiting velocity <ﬁ¥{)
[2

x-component of relative veloclty

y-component of relative velocity

Cartesian coordinates

Mach angle /arc sin 1
\ T
angle between velocity V and x-axis, radians

angle between tangent to shock and direction of
velocity of flow in front of shock

deviztion of direction of velocity across shock
wave

angle of polar coordinate in conlcal field
potential function

stresm function for rotational flow (see equa-
tion (11))

ratio of specific heat at constant pressure and
constant volume :

gas cconstant

normal to streamline

sin @8 tan @ sin ©

cos (@ + )

sin @ tan {3 sin @

cos (g - )

H, L, ¥, and N defined by eguation (1)
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0 chamber condition (zero-velocity adiabatic trans-

formation)

A points of first family

B points of ssgcond fumily

C quantities in the points calculated from A
and B

=

S

a ahezcd of shock

b behind shock

derivative with resnect to

derivative with respect to
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Pcy value corresponding to valuc of @ at point Cp

Cn at point Cn

CHARACTERISTICS METHCOD FOR SUPERSONIC POTENTIAL

FPLOW WITH AXTAL SYMMETRY

The differential equation for potential flow with
axial symmetry (reference l) is

ac /J &x2e Sy2 ac  axdy Y

In suvnersonlc flow some lines can be indivicduated
(characteristic lines) that divide the flow 1Intc two
regions ror which the values of @, @x, and @y along
the line are different. For every voint of the flow two
characteristic lines can be determlned; every line is
inclined at the Mach angle with respect Lo ths direction
of the velocity at the point, and therefore the character-
istic lincs can be divided into two families on the basis
of the sign of the angle of the characteristic line with
respect to the direction of the velccity. A family that
1s usually called the first family i1Is defined by the equa-
tion

d
E%': tan ({ + o) (2)

and the other family (second family) is defined by

AN
p—

ay _ )
—C;;{——tan (q)-(g) (

The variation of the quantities that define the
veloclity (¢ and V) along a characteristic line 1s
given by the following equations from reference 5:
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For the first family,

av ‘ dx

- dp tan § - z,—y— =0 ()
and for the seccnd family,

av dx _

—\-[— + do tan B - m—,‘_f_ =0 (5)

where 1 and m are trigonometric expressions defined
as

1 = sin 8 sin o tan {
cos (§ + o)
> (6)
m o= sin  sin © tan p
cos (¢ - ) J

If the directisn of the velocity and the Mach number
at two points near each other (points 4 and B in fig. 1)
are known, the directicn of the velocity and the Iach
number at a roint ¢ given by the intersection ol the two
characteristic lines of different family sturting from
points A and B can be determined. Because the distances
and AC are small, @1l the coefficients of edguations (i)
anc (5) can be considered constant and coincident to the
corresponding values at polnts 3 and A, and the tangents
to the characteristic lines at ovoints A and B can be
substituted for the characteristic lines from polint A to
point C and from point B to point C. In this case the
lines AC and BC are straight lines. The line BC 1s
inclined at an angle G - p with respect to the x-axis
and the line AC iIs Inclined at an angle D+ p with
respect to the x-uxis. Equation (l.) can be applied for
the line AC where

BC
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dx = Xno = Xp
Yy =¥y
Vo= Uy
B = La
1 = 1,4

and equation (5) can te applied for the line BC where

dx = xg = Zp
Yy = Y8
= Vg
B = Ep
m = mp

For practical use equations (i) and (5) are combined and
transformed vy means of the ratio W of the velocity V
to the limiting velccity V;. This ratio is defined as

v W2

1+ —-§~E-sin2ﬁ (7}

!

]

and the following squations are obtained:
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Wy ‘ W

. A .
do,t tan p + - tan [ =1 - -~ - tan
N Rt Ea We (@A @B) 1 Bp
jaty=} L .{h.é a
+ VB (.X.C - XB) - (XC - J(A> ;}'Z ~“'B (\3 )
dw (Xﬁ - X ) L
A A/YA
= tan gA d@A + (9)
WA TA

Wo = Wy + dWy

% = ¢p * Aoy

i7ith the method of characteristics (refersnce L) it
can be shown that if a deviation of a streamline which
wets the body occurs, the phenomena on the corner are
resuluted by the same laws that regulute the two~-dimensional
flow; therefore, the tazngents of every characteristic line
sturting from the corner are known. If the Initial flow
conditions ure known, the step-by-sten calculation of all
the physical properties of the Tlow in the entire fleld
is permitted, narticularly the calculation of the shape
of the shock wave and the pressure distribution along any
body of revolution with axial symietrical flow In cases

in which the hynothesis of ootential {lew 1s correct.

CHARACTERISTICS METHOD FOR SUPSRIONIC ROTATIONAL

FLOW WITH AXTAL SYINCZTRY

Supersonic perfect flow is rotationsal when the flow
i1s preceded by a shock wave and when the varlation of
entropy across the shock wave changes from nolint to point
behiind the shock. In this case the traucformation of the
fluid alongz every streamline is isentropic until another
shock wave occurs in the fluld (reference 8).
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If a stream function ¥ is assumed to be defined
by the following equations from reference 8

1 7
Uy = yu(l - w2)Td
> (11)
1
Uy = -yv(l - w2)¥L
J
the equation
Vx - u
£(y) = T (12)
X ‘
y-1

y(1 - we)

i1s a function of only the stream function v (reference 8)
and therefore from the equations of state, continuity,

energy, and steady motion the following equation can be
obtained:

ytl
2 2 \ -1/ we
u 2uv v h's o A Y-1f W
1-~— h - — + {1 = —— e -———y(]_—We) —_—-1 f(\lf)':O
< 02>ijx 02 ny < 02>v}y y 02 7‘

(13)

Equation (13) is a Monge-Amnére equation, and if

o1 i
c

2

ce

uv

K = -—
o2
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two characteristic families with the following equations
can be obtained:

For the first family,

&y _K, |EE L (15)
X H H2 H
K K2 L
Y — —— - + —_—

Tf n 1is the normal to the streamline, equation (11)
yields

Yy
du\e
= <a;> = grad® ¥ (19)
and
- = 1 .
curl V. x V. 1 crad s = — ds (20)
because s 1is constant along every streamline; therefore
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- 11 ds 1
£y = === (21)
2y R dn 1
:);-'-_n‘,'( 1 - WE) y-1
and the fellowling exvoressions can be obtained:
~
1 1
\QJ’IX: "YVX(]. - l’l'z)Y-‘l -~ %%(l - ‘Wa)ﬁ v
-442
y -1 x
1 1 > (22)
Vo = vux(l - W) 4 &Yy 72y 7L
=kl
2ynW oy -1
(1 - W
v - 1 ) Viy

"hen equations (21) snd (22) are substituted in equaticns
(15) =nd (17) and (16) end (18) and the Mach angle and
the velocity are exnressad in polar cocrdinstes, equaticing
(15) and (17) becom:

%1 = tan (B + o) (first family) (23)
X _

97 = tan o - 8) (sscond family) (2l

and equations (16) and (18) becores
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Boustions (23) ané (24) ers idantwcal to equation

for nolentisl flow (2) and (%), ond eticn (?H) and
(26) are similsr to equations for otnntiql I]ON (I) and
difiefﬂng only by the terms that eontain ds quatisnue
(23) te {26) p2rmit a step-bLy=sher calculatfon of th
entropy, intensity of ve10ﬂ34V, ané dirsctlon of ithse
velocity if the initiael and “oundsry conditions are kn
Tf 51l the physicsl *?pe?L*eQ are known for twos polnts
L ognd B oand 1f the two potnts zre close tn each »ther,

ard B cen Le supstitatad for ths

with elose sporoximation. Ir this way e point

the tunL\nbu to the chsurschteristic lines at tha noints

5 charsctericstic linss
] C can ve
determined ss the iabersection of the second sharectaristic

line of point B with the first characteristic line of

Y

soint A4 (fig. 1), bzcsuss ¢ and f  &are known for the

roints 4 and 2.

For the charrcteristic lines cof the [irst
equation (25) glves the varlation of o and

point A +o peint C, =nd all the coefflcients
and correasvond Lo the coeffilcisnts for polint

2

o

term 22 1s unknown. From squiation {(26) the

2

farily,

4

0 (first family) (25)

0 (second family) (28)

s

WD

£

=

of ¢ and W from point B to point € cen be debsrmined,

da

snd all other tsrms, oxcsnt —, sore krown and cogual

dn
i - ‘ s
tc the values o1 point B, The term —=— can

an

from the walus ol the entropy for points A and 3.

pe detarmined
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Froin figure 2, in equatian (25} the term %% csn be
written as
as _ (8¢ = sp) cos (fa + 0y) ,
- = (27)

dn (x¢ - xa) sin g4

and in ecuatisn (26) can be written as

(s¢c - sp) cos (pp - Pp)

&5

(x¢c - xB) sin (g

Tf the points A and B are close tc eachi other and the
variation of entropy is gradual, equation (&5) cun be
written as

ds Sp - Sy
— = — — (29)
¢n sin {5 ( ) sin {p
(x¢ = xa) » + (¢ - XB )
cos (3p + @4) cos (93 - PR)
ds . 4 R . 4
und == can be considered equal in eyuations (25) and (26).
dn
- . 3 - :
In this case %i is knowng: therelfore ¢ and W can be
n

calenlated for nolnt £. For practical calculations equa-
tions (25) and (20) sliould be transformed into two equa-
tions (equations (51) anc (32)) each of wnich contains
only one of the unknown terms dw and do.
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For simplicity, let

&1 7 X4 - Xp
€9 = *¢ - *a
<1
g=1+
0
Ao = 0p < Op
W
A
h:ﬁi_
P > (30)
3 sin By
e =
cos (py * 9a)
sin @
£ o= £
cos (9p - Bg)
r = tan g + h tan py
SB - Sj 1
L =
YR e + gf
Py

Then the fellowing equations can %e obtaineds

Eqmpg  Cohlp

~ ! . P, - Z
r dpa=1-h-Ap tan fp+ Algl 51n2ﬁB -he sin<fg) + - a (z1)
hid
AW ) =0 2 A
—& tan gy doy + Ao sin2pA + (32)
Wy Yi
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3¢ = s, + AetR (33)
Oc = Pp + A9y (34)
WC = Wy dWA (35)
sine pp = y- 171 _ (36)
éomBg éOhLA
In equation (31) the terms and —————— beccme
yB YA

very imnortant as y approaches zero, near the axis of
the body; therefore, in this regicn the distance between
the points considered must be reduced to obtain sufficient
accuracy.

CHARACTERISTICS METHOD FOR TWO-DIMENSIONAL

SUPERSONIC ROTATIONAL FLOW

In two-dimensional flow an equation similar to equa-
tion (13%3) can be obtained if a socecial stream function
defined by the following egustion is assumed (reference )

L
wy = U(l - WE)Y-l

> (37)
L

Wy = -v(l - W‘2>Y_l

In this case the equation of motion (ejuation (13)) becomes
(referance 8 )

Y41
2\\ - 2 —1 /il \
U SUV v . v-1 b ALY —
c S Wy =W (L = Yy - (1= W) <—--1 r(y)=0
( 02/ XX o ¥Yxy ( 02>\'YY el /

c
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Equation (3%£), like eguation (13%), is a Monge- -Ampere
equation and nermits the determination of Two equations
that cefine the Cla¢aCt€£15tib lines and two eguations
that give the variation of the velocity alcng the char-
acteristic lines. The equation with transformations
analogous to the case of three-dimensional flow can be
writsen in the fellowing rorme:

dy .
— = tan ({ + o) (first family) (29)
ax
dy
— = tan (o - ) (second family) (L0)
dx
2 5 =
Si«tan 3 do-—ﬁi o2 ~——§iE—EL——=lD (first family) (L1)
W YR dn cos (g+@)

cl dx cs sin31
—+tan 3 dp- T T =t =0 (s
."kl

cond famil 2
YR dn cos (o - B) y) o (k)

m

Equations for o nd &W similar toc ejuations (31)
and (%32) cen be obtai ned from eyuations (39) to (L42) by
using eguation (2%) for the exoregsion ds 55 follows:

dn

r dpy =1 -1 - 4¢ ten pg + u(”l <1n2r3 - 1€ sinzﬁA)(Li)

di,
- = tan 2, dg + Ae sinagA (L)
WA -
sg = s, + 4AelR (L,5)
Qo = @5 t doy (L6)
Wo = Wy o+ g (L7)
1 n2 1 L8
sincfq 2 ) (LE)
\
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DETAREINATICN OF SHAPE OF 3HCCK AND PHE33URE

DISTATIBUTION ALONG A BODY

The physical preperties of supersonic flow past &
body of revolution in axiuzlly symmetrical flow can be
determined sterm by step by the use of cguations (31)
to (%36). Ths system of culeulation 1s similar to that
for potential flow. If the vody begins with a pelnt
(reference 5), a cone tangent to tho vody (fig. 2) can
be substituted for the front part of the body. I point A
is the point at which the body can 20 longer be considered
coincidsnt with the cone, the veleelity at point A 1s known

rom the cone calculations (rsferences 9 and 10); therec-
fors, the shape of the cheracteristic line AB of the first
family can be designed, because @ and £ corresponding
to diffarent angles 6 are kncwn from the cone calcula-
tione. At point A the boay turns thirough an angle AQ

and the flow undcrgses a transformation that 13 deter-
minable by the laws of two-dimonsional flow,., The velocity
snd direction of the flow altsr thse dJeviation 4@, thers-
fore, and the tungonts to the new characturistic lines of
the first family at point A can be Gesigned. At a point B,
ncar point A, the intensliy and dircction of the veloclty
are mown; consequently, the tangent to the characteristic
1ine of the second family can we designed ot point 3 and
the point Cp can be located. AL point Of the physical

propertics can e calculuted wi

tial flow (egustions (8) and {5)) because the shock in
front of Lhe body ls conicul. With the sume system the
point C, is determinsd from tne point By on the shock wava.

th the equations of poten-
\
i

Tn ordar to determine th» flow of the point Cpyy on the shock

wave, the equation acress the shock and the eguation for
tho cheracteristic lines of tho first family must 2 used.
Tf € 1is the angle betwsen the tangsnt to the shock and
the airection of velocity of flow in front of the shock,

& +the deviation of the direction of velocity across the
shock wave, =nd the subscripts a and b denote the
condltions shead of and behind the sheck, respectivaly,
the zheck equations can be wriltten in the following form
(refurencs 11):

tan € 2 1
3l

(4.9
tan (¢ - &) v + 1 IMbZ sin L9



On 2 / -1
— = Y (1.2 sin2¢ - y > (51)
Pa v+ 1\ Y
= L, 1ol (52)
P v + 1\1rg2 sine 2 )
R Pb Pa™\
Sp - 5a = —o— (logeg~ * v logerm ) (53)
b a Y - 1 oepa epb/
1 2 1
STt — (54)
e - 12
v Y ;':'Ib

Equations (51) to (53) show that the general condi-
tion for obtaining pnotential [low behind the shock when
the flow in front of ths chock 1s potential iIs that Mg sin €
must be constant. “ince the value of 1y 1in front of
the sroclk is known Irom equaticns (L9) to (54), the

dlsp - sg) a .
values of —————— and = can be determlned as
ah as
functions of & an” therefore the equatirn for the char-
acteristic lines of the first Zamily (equation (25))
becones

Vo, = Vg ind B
o n<+§3-431-—tan B3c, 4o - dX7C - iiE_EEE s s
Rio ¢ ey Ry, B YR “PCp T On
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where W is the velocity behind the shock, s is
OCp PCn
avi d(sp - sa) -
the entropy, T and PP are coefficients that

correspond to a deviation across the shock for which the
veloecity assumes the direction of Py W, 1is the

veloclty, and SCy is the entropy at the point Cp. When

the value of do has been determined, the deviation
across the shock &8 and the corresponding values of W
and ¢ can be determined at point Cp4q.

In order to determine the velocity on the body at a
point Ay, equation (26) is used. 4at point A} the value
of ¢ 1is known because the direction of the flow is
tanzent to the body and, therefore, dp 1s known;
ds
o is also known because in equation (27) the value
of s8g corresponds to the value of s at the point A)

and is equal to the value at point A, which is known from
the cone calculation. From the value of W, the pressure
on the body relative to the pressure pO' (pressure for

zern velocity from isentropic transformation from the
conditions behind the shock) can be determined as

—— = (1 - W&) t (56)

On the 1lip of the nose of &an open-nose body a shock
wave that i1s a two-dimensional shock ocecurs; therefore,
the tangent to the shock on the 1in is known and the
pressure and velocity behind the shock are also known
(equations (L9) to (SL)). 1In figure 3 the line AB and
the velocity behind the shock at voint B are known. With
equation (26) the velocity at point C can be calculated
witii the system Jjust described, and from the point B the
point D along the characteristic line of the first family
can be calculated by equution (55). From point D the
point E can be calculated and a point F can be inter-
polated, which permits the determination of points G and H.
Because the curvature of the shock nesr the lip is largs,
a point C that 1s very near point A must be selected so
that correct interpolated values may be obtained. The
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int G, and the points I

peint E can be recalculated from pro
in order to have

i
and M can bo racslculutsd from point
a sacond anprogimatisng,

Tor the case of iLwo-dimensi:nsl {low the procedure
is tho same as that for thrce-dimenstonal {low; equa-
tions (43) to (L) are used instecd of the Vorre:ponding
eguations (egquations (31) to (356))

PAN

EYANPLES OF APPLICATION CF CHARACTERISTICS METHOD
FOR ROVATIDNAL FLOW
Determination of Shock Share and Pressure Distribution
along the Bxternal Suriace of a Slender

Open-Nose Rody of develutlen

Theoretical and experimental calculatlions wers made
to determine +thc shocl shape and pressurc distribution
along the cxternnl surface ¢f a slender oDen-nose tody of
revoiution. The body considered is the same body for
whicel caleulati-ns of the cxternal pressure dlstribution
were wade by Brown and Parker of the Lengley Womorlal
jeroncutical Laborotoery by use of : gnail-dlsturbsnce
theory. The caloulations were rude for a fres-stream
MdCh nombeyr of 1.525, for shia ieren photogravh
take ‘ tests wac avails! narison of the
cal ul”tbu +nd test rosclits,

Tn order te CGotermine the importunce of rotation of
the flow, calenietions for the front part of the body were
also meds witin the »notentilal-Ilow chars sristic sguations,
The results of these caleulations differed only slightly
from those obbalned from the ¢ uracteristics melhod for
rotational flow bacauss the curvature of the shocx wes
very small. The calculatlons were negun with the deter-
mination of ths two-dimensional sbocls on the 1lip of the
nose. Thne practical system of the culculations 13 shcwn
in figure l., and in figure 5 the calculat cd stresmlines
and shock-wave shape are comuared with the shocli-wave
shape obbtalned from test resulits, In fignre & the nres-
sure distribution caleculated by'uhe cheracteristics method
18 compared with ths pressure distribution detcrmined by
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the small~dlsturbsnce theory. Tae small-dlsturbonee
thaor7 undsrvalues the inerecss in pressure

that occurs through the shock, but the differences in the
results obtained by thls method and those obtained by the
characteristics method are small.

Determination of Shock 3hape, Streamlines, and Pressure
Distribution along the Internal Surface of a
Slender Open-Nose Body of Revolution

Three slender open-nose bodies with different conical
inlet angles are considered (figs. 7 to 12) and the super-
sonic part of the internal flow 1is studied for a free-
stream Mach number of 1.6. For this type of body the
internal shock produced at the lip of the inlet has a very
large curvature and the effect of rotation is therefore
very important. The calculations are extended to the
region in which the Mach number is 1.0, The hypothesis
1s made that subsonic boundary conditions and stability
considerations permit a subsonic flow at the end of the
supersonic flow such as results from the calculations.

The results of the calculations show that at the axis of
the inlet a normal shock always occurs and that the region
in which a strong shock occurs (with subsonic velocity
behind the shock) increases in extension with the increase
in angle of the internal cone. When the cone angle
approaches zero and the shock 1s a Mach wave, a complete
reflection occurs at the axis of the inlet and the exten-
sion of the strong shock is zero.

For large internal cone angles (figs. 9 to 12) the
shock is a simple shock that becomes normal in the central
part of the body of revolution. After the shock the
compression continues but the characteristic lines cannot
form an envelope. For small internal cone angles com-
pression occurs gradually and an envelope of Mach lines
occurs. The shock therefore reflects from the central
part and another shock 1s generated. The form of the
reflected shock is shown in figure 8. The ratio of the
dilameter of the regilon in which a strong shock ocecurs to
the diameter of the inlet as a function of the internal
cone angle is shown for M = 1.6 in figure 13. The
results are Interesting for the practical design of
supersonic inlets of slender shape because they show that
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for large cone angles the central part of the body of
revolution, in whicn the comyression is not very efficient,
ig large.

Determinatinn of physical Properties of the Tnternal Flow
tiirougn an Inlet with a Central Body

“or a VMach number of 1.6 an snalysls of the shape of
an inlet with & central body was made %to ald in obtaining
high efficiency. Theoretlically a supersonic diffuser with
or wlthout a central vody and having no shock losses or
shock drag can bYe obtained (reference 12 ;; but for practical
use it is convenient to accept smell shock drag in order
to avoid large friction drag. The inlet consicered
(fig. lh) has & 109 central cone. The deviation across
the conical shock is LAS'. The shock is reflected by a
cylinder that forms toe external part of the inlet. The
reflectod shocl produces rotational flow behind the shock
and the ceviation across this shocik con the crlinder is 1°
and on the central bogy, 20,3y, Tf the central body
behind the shock has tne same direction &s toe velocity,
the shoclk will not be reflected and isentro»nic compression
can e obtained benind the shnck (flg. 1), The design
of the central body, therefore, was determined from tne
caleculation of the corresponding streamilne. The varia-
tion o the velocity along ths external cylinder and the
value of tre exit velocity were fixed, anca from this
condition and the condition dependsnt on tre shock, the
velocity at every pnoint was aalculated. In order to avold
errors stream tubes were cesined that nermittec, on the
basis of the ratlo of the area in the reglon of uniform
velocity to the ursa at the end of the stream tube, &
check on the »recision of the nunerical calculations.

The Wach number in the minimum section o7 the inlet was
fixed at a value larger than 1.0 s> that disturbances
from the subsonic nart of the flow would not causs
instability. The value chosen Was 1.09.

Tf an effuser is connected witi the diffuser, a body
of revolution with very low shock drag cun be obtained
(fig. 15). The only pressure losses are the losses across
the two snocks, which are very small; but for nracticel
applications the friction losses ere larger than for the
internal bedy alone, »a Dalance of the pressure losses
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and friction lnsses must therefore be made in order to
examine the possibillty of nractical use of tixls arrange-
ment,

CONCLUSIONS

A system for calculating the physical properties of
supersonic rotational flow with axial symmetry and super-
sonic rotational flow in a two-dimensional field was
determined by use of the characteristics metuod. Practical
use of the system is based on a step-by-step procedure,
which requires long numerical calculations; but the
calculations for three-dimensional flow are of the came
type as for potentlal flow and, therefore, can be used
for the practical provlems ln whick rotation is important.
Some anplications were made to determuine the external and
internal flow on bocdies of revolution with axial symmetry,
anéd the following conclusions were indicated:

1. The effect of rotatlon is not very important 1iFf
the varistion of entropy is small but is imvortant in the
study of internal flow, for which the variation of entropy
1s usually large.

2. when the inlet 1s a circuler conical channel, a
shock is produced at the 1lip of the inlet thut becomes
stronger when the chock approaches the axis of the inlet
and becomes a normul shock at the axis. The region for
wiich & strong snock occurs {with subsonic velocity benind
the shock) increases with the increase of ths angle of
internal conc.

%2, If an inle%t with a central bady 1s considered,
tlie method 27 characteristics perulis the cesign ol ail
internal-channel shape that, theoretically,. results in
very eflicient recompression in the Iinlet; and, 1if an
effuser is connecsed with the diffuser, g body of
rovelntion with very aaall shocliwwowe L can be detzar-
mincd.

Langlew Memorial aercnantical Labgratory
Yationzl Advisorw Committee for Aeronautics
Langley Cield, Va., 4pr.l 26, 1545
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Frgure 3.— Practical Systern of calculating 74
Flow Feld for a s/ernader cgoer-rI0s5e
boo’y off revo/l770r.
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Frgere 9. —fractical systern of calcufaling #e 1137erna/~ScypersSonsc 1o w
properties 7orq oferler open-ase body of revolutior for N7=/6.
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APPLICATION OF THE METHOD OF CHARACTERISTICS
TO SUPERSONIC ROTATIONAL FLOW
By Antonio Ferri
September 1946

Page 12, equation (25): The last term on the left-hand side of
equation (25) should be preceded by a plus sign instead of a
minus sign.

Page 13,
line 1: 'Figure 2" should be "figure 1."
equation (28): (sp - s¢) should be used instead of (sg - 8B)
in the numerator on the right-hand side of equation (28).
line 2 under equation (28): "Equation (25)" should be
"equation (27)."

Page 14,
equation (31): The fourth term on the right-hand side of
equation (31) should read as follows:

A(gf 5in°pp + he sinEBA)

equation (32): The second term on the right-hand side of
equation (32) should be preceded by a minus gign instead of
a plus sign.

Page 16,
equation (41): The third term on the left-hand side of equation (41)
should be preceded by a plus sign instead of a minus sign.
equation (43): The expression in parentheses in the last term of
equation (43) should contain a plus eign instead of a minus sign;
thus '

Agf 81n®Bp + he sinQBA)

equation (44): The lest term on the right-hand side of eguation (44)
should be preceded by a minus sign instead of a plus sign.

Page 18, equation (55): The factor before the brackets in the last
term on the left-hand side of equation (55) should be preceded by a
plus sign instead of a minus sign and should contain sin? instead
of sin3; thus

sineﬁcn
b e
7R






